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Abstract 

Background: \r\aeas\ng evidence has revealed that humid heat stress (HHS) causes considerable damage to human health. 
The cardiovascular system has been suggested to be the primary target of heat stress, which results in serious 
cardiovascular diseases. However, there is still a lack of effective approaches for the prevention and treatment of 
cardiovascular diseases induced by HHS. 

Objective: Heat-shock proteins (Hsps), especially Hsp70, are reported to provide effective cytoprotection under various 
stress stimuli. In the present study, we evaluated the cytoprotective effect of geranylgeranylacetone (GGA), which was 
previously been reported to induce Hsp70 expression in cardiomyocytes under HHS. 

Methods and Principal Findings: Us'mg a mouse model of HHS, we showed that the pretreatment of GGA enhanced Hsp70 
expression under HHS, as examined by quantitative real-time polymerase chain reaction (qRT-PCR) and Western blot. We 
then examined the effect of GGA pretreatment on the cardiomyocyte apoptosis induced by HHS using terminal- 
deoxynucleoitidyl transferase mediated nick end labeling (TUNEL) staining, and found that GGA pretreatment inhibited 
mitochondria-mediated apoptosis. GGA pretreatment could reverse the effect of HHS on cell apoptosis by increasing 
expression of Bcl-2, decreasing cytochrome c in cytosol, and increasing cytochrome c in mitochondria. However, GGA 
pretreatment had no effect on the oxidative stress induced by HHS as determined by levels of superoxide dismutase (SOD), 
malondialdehyde (MDA), and glutathione (GSH). 

Conclusion:\Ne have demonstrated that GGA pretreatment suppressed HHS-induced apoptosis of cardiomyocytes through 
the induction of Hsp70 overexpression. 
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Introduction 

Increasing evidence has demonstrated that heat stress leads to 
considerable damage to human organs, especially the cardiovas- 
cular system, which is the primary target of heat stress [1,2]. 
Cardiomyocyte apoptosis has been suggested to play a key role in 
the pathologenesis of cardiovascular diseases including myocardial 
infarction, cardiac dysfunction, heart failure, and atherosclerosis 
[2,3]. Using a mouse model, Qian et al. demonstrated that heat 
stress caused mitochondrial injury in cardiomyocytes and activated 
the mitochondria-mediated cell apoptosis pathway [4] . Due to the 
high energy consumption of the heart, mitochondria occupy up to 
30% of the total volume in cardiomyocytes [5]. Mitochondria are 
vulnerable to cellular stress, such as heat stress [4], and damaged 
mitochondria have been suggested to be the key mediator of 
cardiac apoptosis, which releases cytochrome c and excessive 
reactive oxygen species (ROS) leading to cell apoptosis pathway 
activation [6]. Therefore, targeting mitochondria-mediated cell 



apoptosis may be a potential therapeutic strategy for the 
protection of cardiomyocytes under heat stress. 

Exposure to stressful stimuli activates a transient induction of 
heat-shock proteins (Hsps), which can minimize ceUular damage 
[7]. Hsps are a family of proteins that maintain cellular 
homeostasis during and after environmental stress such as 
oxidative stress, chemical stresses, and pathogenic stresses [8,9]. 
The family includes a series of different molecular weight members 
including Hspl05/110, Hsp90, Hsp70, Hsc70, Hsp60, Hsp40, 
and other low molecular weight Hsps [10]. Different Hsps have 
different expression profiles in different cells and are localized in 
different cellular compartments [1 1]. Among these Hsps, Hsp70 is 
a well-known member that protects cells and tissues from different 
pathological conditions [12,13]. Hsp70 expression is rarely 
detected in cells under normal growth conditions, but is highly 
induced under physiological and environmental stress, and is 
involved in cell protection and tissue repair [14,15]. It is reported 
that chronic heat stress significantly elevates the expression of 
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Hsp70 in the rabbit testis, which may play a role in protection 
from infertility [16]. Hsp70 rescues cells from apoptosis through 
inhibition of anti-apoptotic proteins such as caspase-3 [17]. Recent 
studies have revealed that Hsp70 is capable of activating protein 
kinase B (Akt) to promote [:ell survival [18]. In rodent cardiomy- 
ocytes, Hsp70 plays a role in protection against endotoxemia [19], 
hypoxia, and metabolic stress [20]. Therefore, the induction of 
Hsp70 has beneficial effects for cell protection under various stress 
stimuli. 

Whole-body h^'perthermia or ischemic preconditioning has 
been indicated to increase resistance to ischemia-reperfusion 
injury or damage caused by hepatotoxic compounds through 
induction of Hsps [13,21,22,23,24]. However, these strategies 
cannot be used for clinical manipulation. Pharmaceuticals such as 
S-nitroso-N-acetylpeniciUamine [25], amphetamine [22], and 
dibut}Tyl cyclic adenosine monophosphate [26] have been 
demonstrated to increase resistance to damage pardy through 
the induction of Hsp70 overexpression. Geranylgeranylacetone 
(GGA), an acyclic polyisoprenoid widely used for ulcer therapy, 
has been reported to induce Hsp70 expression in cultured gastric 
mucosal cells [27]. Studies have demonstrated that GGA can 
directly induce Hsp70 expression in cultured hepatocytes and 
inhibits cell apoptosis caused by Inxirogcn peroxide and ethanol 
[28]. More recently, GGA-induced Hsp70 overexpression has 
been shown to protect against ultraviolet-induced photokeratitis in 
mice [29]. However, whether GGA shows protective effects on 
cardiomyocytes under stress stimuli remains unknown. 

In southern China, the climate is hot and rainy with high air 
humidity, resulting in a humid heat stress (HHS) environment, 
which might be responsible for the high occurrence of cardiovas- 
cular disease [30]. However, Ktde study has been focused on the 
investigation of cardiac protection under HHS. In the present 
study, we aimed to investigate the effect of GGA on cardiomy- 
ocytes under HHS. Using a mouse model, we showed that GGA 
pretreatment enhanced Hsp70 expression under HHS. We then 
examined the effect of GGA pretreatment on the apoptosis of 
cardiomyocytes induced by HHS and found that GGA pretreat- 
ment inhibited mitochondria-mediated cell apoptosis. However, 
GGA pretreatment had no effect on the oxidative stress induced 
by HHS. Nonetheless, we showed that GGA pretreatment 
suppressed the apoptosis of cardiomyocytes through the induction 
of Hsp70 protein overexpression under HHS. Our study provides 
evidence that GGA might be used for the prevention and 
treatment of cardiovascular diseases induced by HHS. 

Materials and Methods 

Ethics statement 

This study was carried out in strict accordance with the 
guidehnes of the National Health and Medical Research Council 
for the Care and Use of Animals for Experimental Purposes in 
China. The protocol was approved by the Institutional Animal 
Care and Use Committee of the General Hospital of Chengdu 
MiUtary Command. 

Experimental animals 

Specific pathogen-free (SPF) adult male BALB/c mice (6-8 
weeks old, weighing 30-35 g) purchased from the Laboratory 
Animal Center of Guangdong Province (Foshan, Guangdong, 
China) were housed under standard conditions of 12/12 h light/ 
dark cycle at room temperature (RT) with routine diet and free 
access to water in individually ventilated cages (Landbiolog)^, 
Guangzhou, China). AU efforts were made to minimize suffering. 
For euthanasia, mice were injected with pentobarbital sodium 



(100 mg/kg, Merck KGaA, Darmstadt, Germany) by intraperito- 
neal injection before tissue isolation. 

Establishment of humid heat stress animal models and 
experimental design 

To mimic HHS, a hot chamber was used to create an 
environment with a temperature of 40.0 ± 0.05°C and relative 
humidity of 60 ± 5%. A total of 32 mice were randomly divided 
into four groups: (1) eight mice administered vehicle were held at 
RT (24.0 ± 1°C) with relative humihty of 45 ± 5%; (2) eight mice 
administered vehicle were held at the temperature 40.0 ± 0.05°C 
with relative humidity of 60 ± 5% for 4 hours per day; (3) eight 
mice administered GGA (Eisai Co., Ltd, Tokyo, Japan) were held 
at RT (24.0 ± TC) with relative humiUty of 45 ± 5%; (4) eight 
mice administered GGA were held at the temperature 40.0 ± 
0.05°C with relative humidity of 60 ± 5% for 4 hours per day. 
Mice were orally administered GGA (500 mg/kg) by using feeding 
needles, as previously reported [29], 2 hours prior to HHS. The 
experiment continued for a total of 4 weeks. For experimental 
analysis, mice were sacrificed by the injection of pentobarbital 
sodium (100 mg/kg, Merck KGaA, Darmstadt, Germany). 

Quantitative real-time polymerase chain reaction (qRT- 
PCR) analysis 

The RNA of left ventricular tissue was extracted using Unizol 
Reagent (Biostar, Shanghai, China) according to the manufactur- 
er's instructions. Total RNA (5 (ig) was reverse-transcribed into 
cDNA using M-MLV reverse transcriptase (Clontech, Palo Alto, 
CA, USA) according to standard protocols. The mixture 
contained 1 (tl of cDNA (1:50) as template, 5 |tl of SsoFast 
EvaGreen Supermix (BIO-RAD), and 2 |tl of each of the forward 
and reverse primers (1 |tM) to a final volume of 10 |J,1. The PGR 
procedure was as follows: 94°C for 4 min; 94°C for 20 s, 55°C for 
30 s, and 72°C for 20 s; 2 s for plate reading for 35 cycles; and 
melting curve from 65 to 95°C. GAPDH was used as the internal 
standard for normalizing gene expression. Three independent 
experiments were performed. The data obtained were calculated 
by 2 and evaluated by statistical analysis as described 

previously [31], followed by an unpaired sample t-test. 

Western blot analysis 

Proteins were extracted from left ventricular tissue and protein 
concentration was measured by the Bradford method. A total of 
20 (ig protein was separated by 12% SDS-PAGE electrophoresis 
followed by electro-blotting onto a nitrocellulose membrane 

(Amersham, Little Chalfont, UK). Then, the membrane was 
incubated with 2% non-fat dry milk in Tris-buffered saline (TBS) 
to block non-specific binding at RT for 1 h. Next, the membrane 
was incubated with primary antibodies (Santa Cruz, CA, USA) 
diluted in the blocking buffer overnight at 4°C. Subsequendy, the 
membrane was incubated in horseradish peroxidase (HRP)- 
conjugated goat anti-rabbit immunoglobulin G (IgG) (Boster 
Corporation, Wuhan, China) diluted in the blocking buffer for 
1 h. 4-Chloro-l-naphthol (4-CN), an HRP substrate, was used for 
protein visualization. 

TUNEL staining 

Left ventricular tissue was isolated from mice and fixed with 4% 
paraformaldehyde, embedded in paraffin, and cut into 5-nm serial 
sections. Sections were stained using the TUNEL apoptosis kit 
(Genmedscientfics, MA, USA) according to standard procedures. 
Briefly, sections were incubated with TUNEL reaction mixtures 
for 1 h at 37°C followed by two PBS washes (5 min/time). Then, 
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sections were blocked with glycerol buffer and photographed 
under a fluorescence microscope (Olympus, Tokyo, Japan). To 
determine the percentage of apoptotic cells, TUNEL-positive and 
TUNEL-ncgative cells were counted using the ImagePro image 
analysis software (Media Cybernetics, MD, USA). Five fields (500 
X 500 [im for each field) per section were randomly selected at 
x400 magnification. The analyses were performed in a bUnded 
manner. 

Mitochondrial and cytosolic protein extraction 

Mitochondrial and cytosolic fractions were isolated using a 
mitochondria isolation kit (Pierce, Rockford, USA) according to 
the manufacturer's instructions. Briefly, mouse left ventricular 
tissue was isolated and homogenized in ice-cold mitochondria 
isolation reagent A, and centrifuged at 800 x g for 10 min at 4°C. 
Sediments were discarded and the supernatants were collected for 
further centrifugation (12,000 rpm for 20 min at 4°C). Then, the 
supernatant containing the cytosolic fraction was collected, and 
the pellet containing the mitochondrial fraction was lysed in 2% 
CHAPS in Tris-buffered saline (25 mM Tris, 0.15 M NaCl; 
pH 7.2) for further analysis. 

Caspase-3 activity assay 

A total of 20 mg tissue isolated from the left ventricle of mice 
was homogenized in ice-cold TBS and centrifuged at 12,000 rpm 
at 4°C for 20 min. The supernatants were collected and incubated 
witii 5 mM Ac-DEVD-MCA at 37°C for 5 min. The release of 7- 
amino-4-methylcoumarin was measured using a spectrofluorom- 
eter (Hitachi F-2000, Tokyo, Japan) using an excitation wave- 
length of 380 nm and an emission wavelength of 460 nm. 

Determination of antioxidant enzyme activities 

Mouse left ventricular tissue was isolated and homogenized in 
ice-cold physiological saline, and supernatants were collected after 
centrifugation (10,000 rpm at 4°C). Superoxide dismutase (SOD), 
malondialdehyde (MDA), and glutathione (GSH) were measured 
using commercial assay kits (Jiancheng Biotechnology Research 
Institute, Nanjing, China) as per the manufacturer's instructions. 
SOD activity was measured using the xanthine oxidase method 
and absorbance was determined at 500 nm. One SOD activity 
unit was defined as the amount of enzyme causing 50% inhibition 
in 1 ml reaction solution/ mg tissue protein and the results are 
expressed as U/mg protein. AIDA levels were measured using the 
thiobarbituric acid method and absorbance was determined at 
532 nm. The results are expressed as nmol/mg protein. GSH 
levels were measured through a reaction using dithiobisnitroben- 
zoic acid. 

Statistical analysis 

All assays were performed in triplicate and data are presented as 
mean ± standard deviation of the mean (SEM). The statistical 
significance of differences between two groups was determined by 
Student t test, and among multiple groups was determined by one- 
way ANOVA. A p-value of less than 0.05 was considered 
statistically significant. AU statistical analyses were performed 
using SPSS version 11.5 (SPSS Inc., Chicago, IL, USA). 

Results 

Hsp70 expression is enhanced by pre-administration of 
GGA under HHS 

To explore the effect of GGA on Hsp70 expression in 
cardiomyocytes in mice, we measured the mRNA and protein 



levels of Hsp70 in mouse left ventricular tissue by qRT-PCR and 
Western blotting, respectively. The results showed that Hsp70 
mRNA levels were increased by ~5-fold (p = 0.032) compared 
with control (RT/vehicle) by GGA pretreatment at RT. Under 
HHS without GGA pretreatment, Hsp70 mRNA expression was 
slightly upregulated by ~2. 5-fold (p = 0.0248) compared with 
control. Notably, Hsp70 mRNA expression was dramatically 
enhanced by GGA pretreatment in the HHS group, by about 
~15-fold (p = 0.0072) compared with control (Fig. lA). These 
results suggested that GGA may significantly enhance transcrip- 
tion of the HSP70 gc'nc, especially in the HHS group. These 
results were further confirmed by Western blot analysis, which 
demonstrated that Hsp70 protein was abundantiy expressed in 
cardiomyocytes of mice in the HHS group with GGA pretreat- 
ment compared with the other groups (p = 0.0182; Fig. IB). 

Cell apoptosis induced by HHS is inhibited by pre- 
administration of GGA 

Next, we investigated whether the overexpression of Hsp70 
induced by GGA could regulate cell apoptosis. Using TUNEL 
staining, we found that the mean number of TUNEL-positive cells 
in mice was only 16.5 ± 2.2 cells/field in the cardiomyocytes of 
mice pretreated with GGA in the HHS group, but there were 57.4 
± 6.3 TUNEL-positive cells per field in mice pretreated with 
vehicle in the HHS group (Fig. 2). The results revealed that the 
GGA suppressed the apoptosis induced by HHS and that Hsp70 
might be involved (p - 0.0034). 

Pre-administration of GGA blocks the mitochondrial 
apoptotic pathway 

Various studies have demonstrated that heat stress activates 
mitochondria-mediated apoptosis [4,32]. We examined the genes 
involved in mitochondria-mediated cell apoptosis including Bcl-2, 
cytochrome c, and caspase-3 under HHS. The expression of Bcl-2, 
an anti-apoptotic protein, was significantiy reduced in cardiomy- 
ocytes under HHS treatment (p = 0.0294); however, it was 
markedly elevated by GGA pretreatment (p = 0.0138; Fig. 3A 
and B). Cytochrome c, which is released from mitochondria into 
the cytoplasm to participate in the formation of the apoptosome, 
was abundant in the cytoplasm under HHS (p = 0.0223; Fig. 3A 
and C), implying the activation of apoptosis in cardiomyocytes 
under HHS stimulation. In addition, GGA pretreatment notably 
inhibited cytochrome c release from mitochondria (p = 0.041 2; 
Fig. 3A and D). Caspase-3, which is a key downstream effector 
protein of apoptosis, was also measured. The activity of caspase-3 
was significantly increased in the HHS group (p = 0.00414), which 
could be downregulated by GGA pretreatment (p = 0.0366; 
Fig. 3E). These data suggest that the overexpression Hsp70 
induced by GGA pretreatment protected cardiomyocytes from 
mitochondria-mediated apoptosis. 

Pre-administration of GGA has no effect on the oxidative 
stress induced by HHS 

Our previous data have shown that HHS induces oxidative 
stress, which stimulates cell apoptosis. In order to determine 

whether the overexpression of Hsp70 has a regulatory effect on 
oxidative stress, we measured antioxidant and oxidant products. 
SOD, which was significantly downregulated in the HHS group 
compared with the RT group (p = 0.0337). However, GGA 
pretreatment had no effect on SOD levels compared with vehicle 
pretreatment in the HHS group (p = 0.853; Fig. 4A). MDA, an 
important marker of lipoperoxidation associated with oxidative 
stress, was markedly downregulated in the HHS group compared 
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Figure 1 . Effect of GGA on Hsp70 expression profiles. Hsp70 mRNA expression (A) and protein expression (B) in cardiomyocytes were analyzed 
by qRT-PCR and Western blot analysis, respectively. (C) The protein expression was analyzed using Image-Pro Plus 6.0 software and normalized to 
GAPDH. RT/Vehicle, mice pretreated with vehicle and kept at room temperature acted as controls; RT/GGA, mice pretreated with GGA and kept at 
room temperature; HHS/Vehicle, mice pretreated with vehicle and treated with HHS; HHS/GGA, mice pretreated with GGA and treated with HHS. 
*p<0.05 and **p<0.01. 
doi:l 0.1 371/journal.pone.0093536.g001 



with the RT group (p = 0.015). GGA pretreatment also had no 
efTect on the high level of MDA induced by HHS (p=1.25; 
Fig. 4B). Levels of GSH, a common antioxidant, were also 
significandy reduced in the HHS group (p = 0.0266), but high 
levels of GSH were not lowered by GGA pretreatment in the HHS 
group (p = 0.913). 

Discussion 

In the present study, we provide evidence that the overexpres- 
sion of Hsp70 by GGA showed a cytoprotective effect in 
cardiomyocytes in mice under HHS treatment. GGA-induced 
Hsp70 mainly protected cardiomyocytes from mitochondria- 
mediated apoptosis, but had no effect on the oxidative stress 
induced by HHS. However, continuing efforts should be made to 
clearly delineate the mechanism of GGA-induced Hsp70 on 
cellular protection, which may guide the development of new 
approaches to minimizing the impact of stress stimuli such as 
HHS. 

Cardiomyocytes are regarded to have minimal capacity to 
undergo apoptosis due to their post-mitotic character, but 
evidence has accumulated that apoptosis occurs after and during 
myocardial infarction or coronar)- arteriosclerosis [3,33,34]. Heat 
stress has also been reportcxl to induce cardiomyocyte apoptosis 
through action on mitochondria [4]. In accordance with these 
findings, we demonstrate that HHS induced a high rate of 
cardiomyocyte apoptosis in the current study. It has demonstrated 



80 H 




Figure 2. Analysis of apoptotic cells by TUNEL staining. Mean 
numbers of TUNEL-positive cells in a field of 500 x 500 ixm. ** p<0.01. 
doi:1 0.1 371/journal.pone.0093536.g002 



that heat stress results in the release of proteins located in the 
mitochondrial inner-membrane space and triggers the activation 
of the caspase famUy proteases [4] . Caspase-3 is one of the key 
mediators of multiple apoptotic signaling pathways including the 
death-receptor pathway and the mitochondrial pathway [35,36]. 
Bcl-2 is an inhibitor of mitochondria-mediated apoptosis [37]. 
Here, we found that GGA pretreatment significandy decreased 
cell apoptosis under HHS via increasing Bcl-2 expression and 
decreasing caspase-3. Previous studies have revealed that GGA 
induces Hsp70 overexpression and contributed to the inhibition of 
cell apoptosis under oxidative stress [28,38]. Hsp70 is a weU- 
known member that protects cells and tissues from different 
pathological conditions [12,13]. It has been reported that almost 
all types of cell stress can induce Hsp expression [39]. Stress stimuli 
including environment stress and pathological stress commonly 
cause protein damage, while Hsp7() is the main chaperone 
responsible for protein folding and the inhibition of protein 
aggregation [39,40]. Hsp70 can force target proteins to maintain 
an adequate structure and retain normal function [41]. It has been 
reported that Hsp70 overexpression pre\cnts the oxidativc-stress- 
induced decline of mitochondrial permeability transition and the 
swelling of mitochondria, which may explain the role of Hsp70 in 
the inhibition of cell apoptosis [42] . Other studies have suggested 
that Hsp70 suppresses cell apoptosis via blocking JNKs and 
downstream of JNK activation prior to caspase-3 activation 
[43,44,45] . In the present study, we have demonstrated that GGA 
pretreatment significantly enhanced Hsp 70 expression, which may 
account for the apoptosis resistance induced by GGA pretreatment 
under HHS. However, the mechanism of Hsp induction under 
various stresses remains poorly understood. One of the mecha- 
nisms is the activation of heat-shock factor 1 (Hsf-1), which is 
inactive in the cytoplasm under normal conditions but when 
activated, binds to Hsps and translocates to the nucleus to enhance 
Hsp transcription [10,46]. Ikeyama et al. have described that 
GGA treatment activates Hsf-1 in mouse hepatocytes exposed to 
ethanol or H2O2 [28]. However, further studies should be 
performed to delineate the molecular mechanism of GGA in the 
induction of Hsp70 overexpression. 

Cell apoptosis is the main form of cardiomyocyte death and 
increased reactive oxygen species leads to cell apoptosis [47]. ROS 
are mainly regulated by antioxidant enzymes such as SOD and 
excessive ROS elicits damage to the cell membrane and causes 
protein degradation and DNA damage [48,49]. In the present 
study, we found that HHS highly decreased the antioxidant 
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Figure 3. Effect of GGA on the mitochondria-mediated apoptotic pathway. (A) Western blot analysis to examine the protein levels of Bcl-2, 
and cytochrome c in the cytosol and mitochondria in cardiomyocytes. The protein expression of Bcl-2 (B), cytochrome c in the cytosol (C), and 
mitochondria (D) was analyzed using Image-Pro Plus 6.0 software and normalized to GAPDH, a-tubulin, and VDAC, respectively. (E) Effect of GGA on 
caspase-3 activity. A total of 20 mg protein lysate of cardiomyocytes was examined by incubation with Ac-DEVD-MCA for 5 min at 37°C. The release of 
7-amino-4-methylcoumarin was measured using a spectrofluorometer. * p<0.05 and ** p<0.01. 
doi:1 0.1 371/journal.pone.0093536.g003 



enzyme activity, including SOD and GSH activity, and increased 
the oxidative-strcss-associated substance MDA. In contrast, we 
detected no regulatory effect of Hsp70 expression by GGA 
pretreatment on the reduction of oxidative stress. In accordance, 
several studies have also suggested that Hsp70 overexpression 
reduces nuclear factor (NF)-kB activation, but without affecting 
ROS production [50,51,52]. In addition, Lennikov et al. have 
reported that GGA-induced Hsp70 overexpression ameliorates 
UVB-induced corneal damage without ROS suppression [29]. In 
contrast, a recent study showed that GGA-induced Hsp70 
overexpression increased total antioxidant capacity in carbon 
tetrachloride-exposed adult rat testes [53]. The apparent discrep- 



ancy suggests that GGA-induced Hsp70 overexpression might 
display various functions depending upon the nature of the insult. 
Interestingly, GGA has recentiy been reported to attenuate 
cisplatin-induced reductions in cell viability and caspase-3 
activation by suppressing the elevation of intracellular p53 content 
without heat-shock protein induction [54]. Besides induction of 
Hsp70, GGA also induces thioredoxin-1, an important modulator 
of cellular function, which protects cells from various stresses 
[55,56,57,58]. However, we did not evaluate the effect of GGA on 
thioredoxin-1 expression under HHS. Whether GGA-induced 
thioredoxin-1 is involved in the cytoprotection of GGA remains to 
be fiarther investigated. 
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Figure 4. Examination of the effects of GGA on levels of antioxidant and oxidant products. (A) The activity of SOD was determined at 
500 nm and the values are expressed as U/mg protein. (B) MDA levels were measured at 532 nm and the results are represented as nmol/mg protein. 
(C) GSH activity was detected at 420 nm and the data are expressed as mg/g protein. Three independent experiments were performed; * p<0.05 and 
** p<0.01; ns indicates no significant difference. 
doi:1 0.1 371/journal.pone.0093536.g004 
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In recent years, GGA has been reported as a non-toxic Hsp70 
inducer and various studies have suggested that GGA treatment 
shows cytoprotective eflfects [27,28,38,59]. There are also other 
studies demonstrating that other agents such as Rhodiola rosea 
extracts induce Hsp70 expression, which is i)cneficial for stressed 
myocardium and biological models of heat shock [60]. More 
recently, GGA has been found to suppress Alzheimer's disease- 
related phenotypes, which are similar to those observed in 
genetically modified mice overexpressing Hsp70 [61]. GGA has 
been shown to have a protective effect against methamphetamine- 
induced neurotoxicity in rat pheochromocytoma cells by increas- 
ing Hsp70 expression [55]. Our findings further confirm the 
protective effects of GGA-induced Hsp70 overexpression upon 
stress stimuli. 

References 

1. Stccnland K (1996) Epidemiology of occupation and coronary heart disease: 
research agenda. Am J Ind Med 30: 49,^)-499. 

2. Ghien KR (2000) Genomic circuits and the integrative biology of cardiac 
diseases. Nature 407: 227-232. 

3. Yeh ET (1997) Life and death in the cardiovascular system. Circulation 9,S: 782— 
786. 

4. Qian L, Song X, Ren H, Gong J, Ghcng S (2004) Mitochondrial mechanism of 
heat stress-induced injury in rat cardiomyocyte. Cell Stress Chaperones 9: 281- 
293. 

5. Carreira RS, Lee P, Gottlieb RA (2011) Mitochondrial therapeutics for 
cardioprotection. Ciur Pharm Des 17: 2017-2035. 

6. Mancuso DJ, Abendschein DR, Jenldns CM, Han X, SaffitzJE, et al. (2003) 
Cardiac ischemia activates calcium-independent phospholipase A2beta, precip- 
itating ventricular tachyarrhythmias in transgenic mice: rescue of the lethal 
electrophysiologic phenotype by mechanism-based inhibition. J Biol Chem 278: 
22231-22236. 

7. Gvoro A, Korae A, Matic (} (2004) Intracellular localization of constitutive and 
inducible heat shock protein 70 in rat liver after in \'ivo heat stress. Mol Cell 
Biochem 26,5: 27 -3,5. 

8. Hartl FU (1996) Molecular chaperones in cellular protein folding. Nature 381: 
571-579. 

9. Fink AL (1999) Ghaperone-mediated protein folding. Physiol Rev 79: 425-449. 

10. Wu C (1995) Heat shock transcription factors: structure and regulation. Annu 
Rev CeU Dev Biol 1 1: 441^69. 

1 1 . Pci Y. Wu Y, Qin Y (2012) Effects of chronic heat stress on the expressions of 
heat shock proteins 60, 70, 90, A2, and HSC70 in the rabbit testis. Cell Stress 
Chaperones 17: 81-87. 

12. Minowada G, Welch WJ (1995) Clinical implications of the stress response. J Clin 
Invest 95: 3-12. 

13. Saad S, Kauai M, Awane M, Yamamoto \', Morimoto T, et al. (1995) Protective 
clfcct of heat shock pretreatment with heat shock protein induction before 
hepatic warm ischemic injury caused by Pringle's maneuver. Surgery 1 18: 510- 
516. 

14. Mosser DD, Caron AW, Bourget L, Merlin AB, Sherman MY, et al. (2000) The 
chaperone function of hsp70 is required for protection against stress-induced 
apoptosis. Mol CeU Biol 20: 7146-7159. 

15. Brown CR, Martin RL, Hansen WJ, Beckmann RP, Welch VVJ (1993) The 
constitutive and stress inducible forms of hsp 70 exhibit functional similarities 
and interact with one another in an ATP-dependent fashion. J Cell Biol 120: 
1101-1112. 

16. Wu Y, Pci Y, Qin Y (201 1) Developmental expression of heal shock proteins 60, 
70, 90, and A2 in rabbit testis. Cell I'issuc Res 3 1 f: 35,5 !563, 

17. Jaallrla M. W ishing D, Kokholm K, Kallunki T, I' svlil.id M : 1998) Hsp70 exerts 
its anti-apoptotie function downstream of easpase-3-like proteases. EMBO J 17: 
6124-6134. 

18. Kayama M, Nakazawa T, Thanos A, Morizane Y, Murakami Y, et al. (201 1) 
Heat shock protein 70 (HSP70) is critical for the photoreceptor stress response 
after retinal detachment via modulating anti-apoptotic Akt kinase. Am J Pathol 
178: 1080-1091. 

19. Lau SS, Griffin TM, Mcstril R (2000) Protection against endotoxemia by HSP70 
in rodent cardiomyocytes. Am J Physiol Heart Cire Physiol 278: H14 39 1445. 

20. Iwaki K, Chi SH, DiUmann WH,' Mcstril R (1993) Indiieuon of IISP70 in 
cultured rat neonatal cardiomyocytes by hypoxia and metabolic stress. 
Circulation 87: 2023 2032, 

21. Yamagami K, Yamamoto Y, Kume M, Kimoto S, Yamamoto H, et al. (1998) 
Heat shock preconditioning ameliorates liver injury following normothermic 
ischemia-reperfusion in steatotic rat livers. J Surg Res 79: 47-53. 

22. Salminen WF Jr., Voellmy R, Roberts SM (1997) Protection against 
hepatotoxicity by a single dose of amphetamine: the potential role of heat 
shock protein induction. Toxicol Appl Pharmacol 147: 247-258. 



Taken together, we demonstrate that oral administration of 
GGA enhanced Hsp70 overexpression, which was associated with 
suppressed cell apoptosis, implying a possible application of GGA 
in the prevention and treatment of cardiovascular disease induced 
by HHS. However, further studies are necessarv' to further 
elucidate the cytoprotective effect of GGA-induced Hsp70 in 
cardiomyocytes under HHS and the precise underlying molecular 
mechanism. 

Author Contributions 

Conceived and designed the experiments: XW GG. Performed the 
experiments: XW BY WD. Analyzed the data: XW YY XL. Contributed 
reagents/materials/analysis tools: BY WD. Wrote the paper; XW GG. 



23. Fujimori S, Otaka M, Otani S, Jin M, Okuyama A, et al. (1997) Induction of a 
72-kDa heat shock protein and cytoprotection against thioacetamide-induced 
liver injury in rats. Dig Dis Sei 42: 1987-1994. 

24. Kunie M, Yamamoto Y, Saad S, (lomi 1', Kimoto S, et al. (1996) Ischemic 
preconditioning of the Uver in rats: impUcations of heat shock protein induction 
to increase tolerance of ischemia-reperfiision injury. J Lab Clin Med 128: 251- 
258. 

25. Ishii H, Aral T, Mori H, Yamada H, Endo N, et al. (2005) Protective effects of 
intracellular reactive oxygen species generated by 6-formylpterin on tumor 

necrosis factor-alpha-induccd apoptotie cell injury in cultured rat hepatocytes. 
Life Sci 77: 858-868. 

26. Takano M, Aral 1', .\Iokuno Y, Nishimura H, Nimura Y, ct al. (1998) Dibutyr>4 
cyclic adenosine monophosphate protects mice against tumor necrosis factor- 
alpha-induced hepatocvtc apoptosis accompanied by increased heat shock 
protein 70 expression. Cell Stress Chaperones 3: 109-117. 

27. Ooie T, I'akahashi N, Saikawa T, Nawata T, Arikawa M, ct al. (2001) Single 
oral dose of geranylgeranylacetone induces hcat-sbock protein 72 and renders 
protection against ischcmia/rcperfusioii iiijur\ in rat heart. Circulation 104: 
1837-1843. 

28. Ikeyama S, Kusumoto K, Miyake H, Rokutan K, Taahiro S (2001) A non-toxic 
heat shock protein 70 inducer, geranylgeranylacetone, suppresses apoptosis of 
cultured rat hepatocytes caused by hydrogen peroxide and ethanol. J Hepatol 

35: 5,3-61. 

29. Lennikov A, Kitaichi N, Kase S, Noda K, Horie Y, et al. (2013) Induction of 
heat shock protein 70 ameliorates ultraviolet-induced photokcratitis in mice. 
IntJ Mol Sci 14: 217,5-2189, 

30. Yun T, HongQi W (2009) Exploring History of Heat-Wet Pattern in Lingnan 
area. Guangxi J Tradit Chin Med 32: 54-54. 

31. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using 
real-time quantitative PGR and the 2- [Delta] [Delta] CT method, methods 25: 
402-408. 

32. Zhao Y, Wang W, Qian L (2007) Hsp70 may protect cardiomyocytes from 
stress-induced injury by inhibiting Fas-mediated apoptosis. Cell Stress 
Chaperones 12: 83-95. 

33. Zamzami N, Hirsch T, Dallaporta B, Petit PX, Kroemer G (1997) 
Mitochondrial implication in accidental and programmed cell death: apoptosis 
and necrosis. J Bioenerg Biomembr 29: 185-193. 

34. liu J, Tian Z, Gao B, Kunos G (2002) Dose-dependent activation of 
antiapoptotie and proapoptotic pathways by ethanol treatment in human 
vascular endothelial cells: differential involvement of adenosine. J Biol Chem 
277: 20927-20933. 

35. Earnshaw WC, Martins LM, Kaufhiann SH (1999) Mammalian caspascs: 
structure, activation, substrates, and functions during apoptosis. Annu Rev 
Bioehem 68: 383-424. 

36. Thornbcrry NA, Lazcbnik Y (1998) Gaspases: enemies within. Science 281: 
1312-1316. 

37. Adams JM, Cory S (1998) The Bcl-2 protein family: arbiters of cell survival. 
Science 281: 1322-1326. 

38. Yoda M, Sakai T, Mitsuyama H, Hiraiwa H, Ishiguro N (2011) Geranylger- 
anylacetone suppresses hydrogen peroxide-induced apoptosis of ostcoarthritic 
chondrocytes. J Orthop Sei 16: 791-798. 

39. Soti G, Nagy E, Giriez Z, Vigh L, Gscrmely P, et al. (2005) Heat shock proteins 
as emerging therapeutic targets. Br J Pharmacol 146: 769—780. 

40. Powers MV, Jones K, Barillari C, Westwood I, van Montfort RL, et al. (2010) 
Targeting HSP70: the second potentially druggable heat shock protein and 
molecular chaperone? Cell Cycle 9: 1542-1550. 

41. Calderwood SK, Khaleque MA, Sawyer DB, Ciocca DR (2006) Heat shock 
proteins in cancer: chaperones of tumorigenesis. Trends Biochem Sci 31: 164— 
172. 

42. Polla BS, Kantengwa S, Francois D, Salvioli S, Franeesehi C, et al. (1996) 
Mitochondria are selective targets for the protective eff ects of heat shock against 
oxidative injury. Proc Natl Acad Sci U S A 93: 6458-6463. 



PLOS ONE I www.plosone.org 



6 



April 2014 | Volume 9 | Issue 4 | e93536 



Cytoprotective Effects of GGA-lnduced Hsp70 



43. Mosscr DD, Caron AW, Bourgct L, Dcnis-Larosc C, Massic B (1997) Rob of 
the human heat shock protein hsp70 in protection against stress-induced 
apoptosis. Mol CeU Biol 17: 5317-5327. 

44. Gabai VL, Meriin AB, Mosser DD, Caron AW, Rits S, et al. (1997) Hsp70 
prevents activation of stress kinases. A novel pathway of cellular thermotoler- 
ance. J Biol Chem 272: 18033-18037. 

45. Buzzard KA, Giaccia AJ, KiUender M, Anderson RL (1998) Heat shock protein 
72 modulates pathways of stress-induced apoptosis. J Biol Chem 273: 17147- 
17153. 

46. Morimoto Rl (1993) Cells in stress: transcriptional activation of heat shock 
genes. Science 259: 1409-1410. 

47. Bolli R, Zughaib M, li XY, Tang XL, SunJZ, et al. (1995) Recurrent ischemia 
in the canine heart causes recurrent bursts of free radical production that have a 
cumulative effect on contractile function. A pathophysiological basis for chronic 
myocardial "stunning". J Clin Invest 96: 1066-1084. 

48. Mcllo I'llho AC, Hoffmann ME, Meneghini R (1984) CeU killing and DNA 
damage by hydrogen peroxide are mediated by intracellular iron. Biochem J 
218: 273-275. 

49. Ray PD, Huang BW, Tsuji Y (2012) Reactive oxygen species (ROS) homeostasis 
and redox regulation in cellular signaling. CeU Signal 24: 981—990. 

50. Senf SM, Dodd SL, McClung JM, Judge AR (2008) Hsp70 overexpression 
inhibits NF-kappaB and Foxo3a transcriptional activities and prevents skeletal 
muscle atrophy. FASEBJ 22: 3836-3845. 

51. Chen H, Wu Y, Zhang Y, Jin L, Luo L, et al. (2006) Hsp70 inhibits 
lipopolysaccharidc -induced NF-kappaB activation by interacting with TRj\F6 
and inhibiting its ubiquitination. FEBS Lett 580: 3145-3152. 

52. Guzhova IV, Darieva ZA, Melo AR, Margulis BA (1997) Major stress protein 
Hsp70 interacts with NF-kB regulatory complex in human T-lymphoma cells. 
CeU Stress Chaperones 2: 132-139. 



53. Kamal MM, Omran ()M (2013) I'hc role of heat shock protein 70 induced by 
geranylgeranylacctonc in carbon tctrachloride-exposcd adult rat testes. Patho- 
physiology 20: 139-146. 

54. Hasegawa M, Ishiguro K, Ando T, Goto H (2012) Geranylgeranylacetone 
attenuates cisplatin-induced reductions in ceU viability by suppressing the 
elevation of intraceUular p53 content without heat shock protein induction. 
NagoyaJ Med Sci 74: 123-131. 

55. Lv T, Li Y, Jia J, Shi Z, Bai J (2013) Protective effect of geranylgeranylacetone 
against methamphetamine-induced neurotoxicity in rat pheochromocytoma 
cells. Pharmacology 92: 131-137. 

56. Luo FC, Zhao L, Deng J, Liang M, Zeng XS, et al. (2013) Geranylgeranyla- 
cetone protects against morphine-induced hepatic and renal damage in mice. 
Mol Med Rep 7: 694-700. 

57. Luo FC, Qi L, Lv T, Wang SD, Liu H, et al. (2012) Geranylgeranylacetone 
protects mice against morphine-induced hyperlocomotion, rewarding effect, and 
withdrawal syndrome. Free Radic Biol Med 52: 1218-1227. 

58. Tanito M, Kwon YW, Kondo N, Bai J, Masutani H, et al. (2005) Cytoprotective 
effects of geranylgeranylacetone against retinal photooxidative damage. 
J Neurosci 25: 2396-2404. 

59. Hirakawa T, Rokutan K, Nikawa T, Kishi K (1996) GerEmylgeranylacetone 
induces heat shock proteins in cultured guinea pig gastric mucosal ceUs and rat 
gastric mucosa. Gastroenterology 111: 345-357. 

60. Prodius PA, Manukhina EB, Bulano\- AE, Vikman (}. Malyshc\' II (1997) 
Adaptogcn ADAPT modulates synthesis of inducible stress protein HSP 70 and 
increases organism resistance to heat shock. BiuU Eksp Biol Med 123: 629-631. 

61. Hoshino T, Suzuki K, Matsushima T, Yamakawa N, Suzuki T, et al. (2013) 
Suppression of Alzheimer's disease-related phenotypes by geranylgeranylacetone 
in mice. PLoS One 8: e76306. 



PLOS ONE I www.plosone.org 



7 



April 2014 | Volume 9 | Issue 4 | e93536 



